2+ signals were examined in isolated rat olfactory receptor neurons (ORNs) using a Ca 2+ indicator, fura-2. ] i is associated with the activation of the voltagedependent Ca 2+ channels in rat ORNs.
Introduction
Olfactory receptor neurons (ORNs) present in the olfactory epithelium detect chemical stimuli, that is, odors. Two intracellular messengers, cAMP and inositol-1,4,5-trisphosphate (IP 3 ), are believed to mediate membrane depolarization in ORNs (1 -3). However, it has been reported that cAMP signal transduction is a solo pathway for olfaction in mammals because knockout mice with a disrupted cAMP signaling cascade do not exhibit detectable responses to various odorants (4 -6) .
Odorants bind to their receptors on the ciliary membrane of ORNs and activate adenylyl cyclase, resulting in an increase in the intracellular cAMP (2, 7) . The cAMP activates nucleotide-gated channels, which cause an increase in the intracellular Ca 2+ concentration ( [Ca 2+ ] i ). The number of mouse olfactory receptor genes is about 1000 and each ORN expresses only a single receptor gene (7) . 3-Isobutyl-1-methyl-xanthine (IBMX), a non-selective phosphodiesterase (PDE) inhibitor, has been widely used to elicit Ca 2+ response via cAMPdependent pathways in amphibian ORNs (8 -11) . In rat and human ORNs, however, IBMX fails to elicit any Ca 2+ response (12) . Therefore, forskolin, an activator of adenylyl cyclase, has been used as a control agonist to stimulate mammalian ORNs when the responses to odorants are examined (13 -16) . However, the Ca 2+ signals caused by forskolin have not been fully investigated in mammalian ORNs. As forskolin activates adenylyl cyclase in a concentration-dependent manner (17) , it is possible to characterize the Ca 2+ signals via cAMP-dependent pathways quantitatively. Immunohistochemical experiments have shown that several subtypes of PDE are expressed in rodent ORNs (18, 19) . PDE1 and 2 are expressed in the same ORNs with a different subcellular distribution, but PDE4 is expressed in a subset of ORNs. It is not clear which subtypes of PDE play a role in Ca 2+ signals in response to forskolin in mammalian ORNs.
Forskolin increases the intracellular cAMP. The cAMP in the cilia of ORNs opens cyclic nucleotidegated channels permeable to Ca 2+ . The Ca 2+ passing through these channels in turn activates Ca 2+ -activated Cl -channels, which potentiates the depolarization induced by cyclic nucleotide-gated channels in the cilia and knob (20, 21 
Materials and Methods

Cell preparation
All experiments were carried out in compliance with the regulations of the Animal Research Committee of the Graduate School of Veterinary Medicine, Hokkaido University. Isolated ORNs were prepared according to the protocol described by Wetzel et al. (26) with some modifications. Adult male rats (Wistar) purchased from Clea Japan (Tokyo) were killed with 100% CO 2 , and the olfactory epithelium was dissected out. The tissue was cut into small pieces and digested with divalent cationfree solution containing 10 -15 units / ml papain, 2 mM cysteine, and 2 mM EDTA for 10 -15 min at room temperature. Then the tissue was transferred to low Ca 2+ solution and gently triturated with fire-polished Pasteur pipettes. The cell suspension was filtered through a nylon mesh, and aliquots were placed on concanavalin A-coated cover slips. The cells having a dentrite and knob were used.
Intracellular Ca
2+ measurements The ORNs were incubated with a fluorescent indicator, fura-2 acetoxymethyl ester (fura-2 / AM, 5 m M), in normal buffer solution for 90 min at room temperature. Then they were stored in a moist chamber at 4°C until used. Drugs were applied through a micropipette placed close to the cell. The fura-2 fluorescence at 500 nm with excitation at 340 and 380 nm was detected using an inverted microscope (Diaphot 300; Nikon, Tokyo) equipped with a CCD camera (C6790; Hamamatsu Photonics, Hamamatsu). Each image was recorded at 2-s intervals and analyzed with an image processor (AQUACOSMOS, Hamamatsu Photonics). The Ca 2+ signal in the soma was expressed as the ratio of fluorescent intensity (F340 / F380). Ca 2+ signals in the knob and soma were measured with a laser scanning confocal microscope (Flouview FV500; Olympus, Tokyo). The ORNs were incubated with 5 m M fluo-4 / AM in normal buffer solution for 1 h at room temperature. Then, they were rinsed once and resuspended in fresh normal buffer solution. A cover slip coated with Cell-Tak (Becton Dickinson Labware, Bedford, MA, USA) was attached to the bottom of a hand-made chamber (volume 100 m l) with dental-wax and an aliquot of the suspension was transferred into the chamber. The chambers were then centrifuged (500 rpm, 5 min) to facilitate proper attachment of the slender dendrites of the isolated ORNs. They were stored on ice until used. During the experiments, the cells were surperfused with normal or stimulant-containing solution at a rate of 1 ml / min using a peristaltic pump (15-s dead time). The cells were irradiated with a visible argon laser beam (488 nm) and the emitted fluorescence (>505 nm) was guided through a 40x water immersion objective to a pinhole diaphragm. Images were recorded at 2 -5-s intervals. The Ca 2+ signal was expressed as arbitrary fluorescent intensity. All experiments were performed at room temperature.
Solutions
Normal buffer solution consisted of 138 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1.5 mM MgCl 2 , 10 mM HEPES, 10 mM glucose, and 1 mM Na-pyruvate (pH = 7.4). In low Ca 2+ solution, the Ca 2+ concentration was decreased to 0.5 mM. In Ca
2+
-free solution, CaCl 2 was removed and 0.5 mM EGTA was added. In high KCl solution (40 or 50 mM KCl), the Na + concentration was decreased correspondingly. Divalent cation-free solution consisted of 138 mM NaCl, 10 mM HEPES, 10 mM glucose, and 1 mM Na-pyruvate, (pH = 7.4).
Materials
Apamin, charybdotoxin, forskolin, 3-isobutyl-1-methyl-xanthine (IBMX), 8-methoxymethyl-IBMX (8-MM-IBMX), rolipram, and niflumic acid were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Erythro-9-(2-hydroxy-3-nonyl) adenosine (EHNA) was from BIOMOL Research Laboratories (Plymouth Meeting, PA, USA). w-Conotoxin GIVA and w-agatoxin IVA were from Peptide Institute (Osaka). Caffeine monohydrate, nifedipine, and thapsigargin were from Wako Pure Chemicals (Osaka). Ryanodine was from AgriSystem (Wind Gap, PA, USA). Tetraethylammonium (TEA) chloride was from Nacalai Tesque (Kyoto). Forskolin, IBMX, 8-MM-IBMX, rolipram, niflumic acid, nifedipine, ryanodine, and thapsigargin were prepared from stock solutions in dimethyl sulfoxide (DMSO) giving final DMSO concentrations less than 0.3%.
Statistical analyses
The rate of [Ca 2+ ] i increase induced by forskolin was expressed as the time taken to reach half of the maximal response during the application of forskolin (T 1/ 2max ). Results are expressed as means ± S.E.M. Statistical differences were evaluated by Student's t-test or Dunnett's test for multiple comparison. A P value of less than 0.05 was considered significant.
Results
Forskolin-induced Ca
2+ signals in soma of rat ORNs ] i was expressed as D ratio (F340 / F380), which was the maximal ratio during the application of forskolin minus the basal ratio. IBMX (100 mM) itself, a non-selective PDE inhibitor, did not cause any detectable change in [Ca 2+ ] i (data not shown). On the other hand, the forskolin-induced increase in [Ca
2+
] i was significantly enhanced by simultaneous application of IBMX (100 mM) (Fig. 1A) . The concentration-response curves for forskolin in the presence and absence of IBMX were constructed in two separate groups of cells (Fig. 1B) . A mixture of forskolin (10 mM) and IBMX (100 m M) was used to check the responsiveness of the cells, and there were no significant differences in Ca 2+ signals between these two groups (data not shown). The basal ratio of fura-2 fluorescence (F340 / F380) was relatively constant during experiments at 0.53 ± 0.04 to 0.52 ± 0.03 (n = 27). Regardless of the presence or absence of IBMX (100 m M), forskolin increased [Ca 2+ ] i (Fig. 1B) .
The increase in [Ca
2+
] i was detectable at a concentration of 1 mM forskolin in the presence of IBMX and at 10 mM in the absence of IBMX. The difference of the increase in [Ca 2+ ] i in response to forskolin (3 and 10 m M) in the presence and absence of IBMX was significant.
Effects of PDE inhibitors
The effects of several PDE inhibitors on the increase in [Ca (Fig. 2) . In contrast, the application of rolipram (30 m M) with forskolin caused no enhancement. ] i (Fig. 3A) . After the reintroduction of extracellular Ca
Dependency of extracellular Ca
2+
, a slight increase in [Ca 2+ ] i occurred and the response to forskolin was restored. Similar results were obtained in 3 other cells. To explore whether or not the release of Ca 2+ from intracellular Ca 2+ stores is involved in the forskolininduced increase in [Ca 2+ ] i of the soma in rat ORNs, we first examined the effects of thapsigargin, an irreversible inhibitor of sarcoplasmic-endoplasmic reticulum Ca ] i caused by forskolin. The time taken to reach half of the peak level (T 1/ 2max ) was 10.6 ± 2.8 s (n = 8) for the control cells and 21.0 ± 3.6 s (n = 8, P<0.05 vs control) for cells treated with niflumic acid.
Effects of voltage-dependent Ca
2+ channel inhibitors The effects of inhibitors of various Ca 2+ channel subtypes on the increase in [Ca ] i caused by high KCl (40 mM) in the soma were examined (Fig. 5: A -D) . High KCl was applied to the cells for 10 s at intervals of ] i increase by about 60%. An N-type Ca 2+ channel inhibitor, w-conotoxin GVIA (1 mM), also significantly decreased it by about 20%. A P / Q type Ca 2+ channel inhibitor, wagatoxin IVA (0.1 m M), did not show significant inhibition. These results suggest that L-type Ca 2+ channels mainly and N-type Ca 2+ channels partially contribute to the Ca 2+ signals in response to high KCl-induced depolarization in rat ORNs.
Nifedipine (3 m M) was applied before and during the first (n = 3) or second (n = 3) application of forskolin to examine the effect of nifedipine on the forskolininduced Ca 2+ signals (Fig. 6 ). There was no significant difference in the forskolin-induced [Ca
2+
] i increase in the presence (0.11 ± 0.02, n = 6) and absence (0.13 ± 0.02, n = 6) of nifedipine. Similarly to the effect of niflumic acid, nifedipine also significantly decreased the rate of [Ca
] i increase induced by forskolin (control: T 1/ 2max = 15.7 ± 3.1 s vs nifedipine: T 1/ 2max = 22.5 ± 1.9 s, n = 6, P<0.05). In the presence of niflumic acid (300 mM), however, nifedipine did not cause any significant inhibition of the forskolin-induced Ca 2+ signals (niflumic acid: D ratio = 0.05 ± 0.01, T 1/ 2max = 19.2 ± 1.6 s vs niflumic acid plus nifedipine: D ratio = 0.05 ± 0.01, T 1/ 2max = 20.7 ± 2.0, n = 4).
Effects of K
+ channel inhibitors Next, we examined the effects of K + channel inhibitors on the forskolin-induced Ca 2+ signals of the soma (Fig. 7) . Two different types of Ca ] i increase (control: 0.12 ± 0.05, apamin: 0.12 ± 0.04, n = 4, and control: 0.21 ± 0.04, charybdotoxin: 0.23 ± 0.04, n = 10). On the other hand, TEA (10 mM) significantly enhanced the forskolininduced Ca 2+ signal (control: 0.14 ± 0.04 vs TEA: 0.25 ± 0.05, n = 6, P<0.05).
Ca
2+ imaging in knob and soma Both the knob and soma showed an increase in [Ca 2+ ] i when an ORN was stimulated with either forskolin (10 mM) or a mixture of forskolin and IBMX (100 mM). The onset of response in the knob and soma was not always simultaneous. In 8 out of 20 cells responding to forskolin and 4 out of 14 cells responding to the mixture of forskolin and IBMX, the onset of the response in the knob region occurred earlier than that in the soma, as shown in Fig. 8 . The onset of the response in the soma never preceded that in the knob. The onset of the response to 50 mM KCl was simultaneous in the knob and the soma of all cells.
Discussion
The present experiments demonstrated that forskolin, which increases the intracellular cAMP concentration by activating adenylyl cyclase, evoked an increase in [Ca 2+ ] i of rat ORNs. The response to forskolin was enhanced by some PDE inhibitors. PDE inhibitors evoked increases in [Ca 2+ ] i in some cells that had been stimulated by forskolin even when [Ca
2+
] i had already returned to the basal level (data not shown). This is probably due to a slight and continuous activation of adenylyl cyclase in the cell. Although three types of PDE (i.e., PDE1, 2, and 4) were reported to exist in rodent ORNs (19, 27) , in our signals, but the PDE4 inhibitor rolipram did not. These results suggest that PDE1 and 2 contribute to the breakdown of cAMP produced by forskolin in rat ORNs. A large number of ORNs express both PDE1 and 4. PDE 1 is localized exclusively to the cilia, but PDE4 is not found in the cilia (19) . Forskolin may activate adenylyl cyclase in the cilia. On the other hand, it has been reported that PDE1 is a Ca
-calmodulin-dependent PDE but PDE4 is Ca 2+ -independent (18) . This may be the reason why 8-MM-IBMX, but not rolipram, potentiates the Ca 2+ signals induced by forskolin. It has been also reported that cGMP-stimulated PDE2 and guanylyl cyclase are expressed in a subset of the rat ORNs (19) . If so, the ORNs used in our experiments might be PDE2-positive cells, although they would be a small fraction of the total number of ORNs. As EHNA inhibits adenosine deaminase (28) , further studies are needed to investigate the effect of EHNA in olfactory signal transduction.
In amphibians, IBMX by itself is reported to cause an increase of [Ca
] i (8 -11) . However, in our study, IBMX did not cause any detectable change in [Ca 2+ ] i . Similar results have been reported in rat and human ORNs (12) . It has been reported that mammalian ORNs express adenylyl cyclase type 3, which has a much lower level of basal activity than adenylyl cyclase type 1 (29) . It seems likely that the adenylyl cyclase of amphibian ORNs has already been activated in part under resting conditions.
Cyclic AMP opens cyclic nucleotide-gated channels in the cilia, producing depolarization. The Ca 2+ passing through these channels in turn activates Ca 2+ -activated Cl -channels, which amplifies depolarization in ORNs (21) 2+ channels have been shown to be primarily present on the soma and the proximal dendrite (31) . It has been reported that a high concentration of nifedipine (20 mM) inhibited the Ca 2+ signals in response to odorants (22) . However, several Ca 2+ channel inhibitors including nifedipine at high concentrations are reported to inhibit nucleotide-gated channels as well (23, 24) . In order to avoid the non-specific effects of the Ca ] i may mediate various cellular functions in ORNs. Odor adaptation is thought to be one of the most important roles of Ca
. There are a number of reports about the desensitization mediated by Ca 2+ in olfactory transduction (35) . It has been reported that the [Ca 2+ ] i increase induced by cAMP activates CaM kinase II, which in turn inhibits adenylyl cyclase 3 (36) . A knowledge of the role of Ca 2+ signals would help us to understand the complex mechanism of olfactory transduction.
